Introduction
Granitic rocks can in general be easily split through three mutually orthogonal surfaces, empirically identified in the field [1, 2] . The knowledge of these splitting planes is widely used to improve the efficiency of stone cutting (quarrying). For example, it can be useful for the stabilization of granitic boulders in slopes in conjunction with controlled blasting and fragmentation. Many stabilization projects, based on controlled blasting in slopes of Rio de Janeiro have been reported recently [3, 4] . It has been found that this method represents a good alternative to avoid the high costs of conventional civil engineering techniques currently adopted for stabilization works.
Although granitic rocks are regarded as a homogeneous isotropic material, splitting planes are assumed to correspond to physical anisotropies related to microcracks that seem to be oriented due to magmatic flow. An association between microcrack distribution patterns and granitic rock splitting planes have been proposed [5, 14, 15, 20] . Nevertheless, the establishment of such an association, even using a microscope, remains rather difficult. Correlations of granite anisotropies with different mechanical properties such as tensile/compressive strength, Young's modulus and acoustic wave velocity have been proposed with some success [13, 15, 18, 19] .
The present paper reports results obtained in a research project which investigates anisotropies in relevant mechanical properties of granitic rocks due to the existence of such splitting planes. In particular, the paper focuses on measurements of the fracture toughness (K IC ) along the splitting plane directions of samples of granitic rocks of Rio de Janeiro. K IC is a measure of the fracture energy required to create a new surface into the material under mode I loading [12] . It can also be regarded as a measure of the capacity of the material to resist growth of a preexisting crack under tensile conditions and could in principle quantify differences in the resistance to cutting along the splitting planes. Furthermore, it is believed [14] that fracture toughness can be more easily related to the prediction, through analytical/numerical models, of the cutting processes in rocks as compared to other mechanical properties such as tensile/compressive strength, Young's modulus and acoustic wave velocity focused in previous works [13, 15, 18, 19] .
For that matter, tests were carried out on samples of two granites of Rio de Janeiro especially prepared in order to determine their fracture toughness under mode I condition along their splitting planes. The test results are presented and discussed. Subsequently, the test results are used in conjunction with an analytical estimate of the required borehole spacing for block fragmentation/cutting under static or quasi-static conditions. The application highlights the practical impact of the anisotropy in fracture toughness of such materials.
Characterization of splitting planes of granitic rocks
Although splitting planes characterization through microscope is sometimes difficult, (more so for coarse grained granites), field observations indicate that these planes can be identified macroscopically through the tracing of magmatic flow foliation. The practical experience associated to quarrying activities shows that it is easier to split the rock along these planes. All granitic rocks seem to possess three sets of nearly orthogonal planes of symmetry [13] [14] [15] 20] . Furthermore, experience shows that each of the three perpendicular planes has a different splitting resistance. The most resistant is the hardway (or divider) plane, the intermediate resistant plane is the grain (or arrester) and the weakest one is the rift (or short transverse) plane. Usually the quarry workers search, by experience and observation, for the rift plane in order to facilitate their task of splitting granitic rocks (Fig. 1) .
The rift in granites is recognized as a foliation, unclear in some cases, along which the granite splits more easily than in any other direction. Although the causes of rift structures and the relative time of their formation are not yet known, it is well-known that granitic rocks are brittle materials and often contain small defects which are preferentially oriented along three mutually perpendicular planes. Researchers have tried to correlate the splitting plane directions with directional microstructural features of the rock. Kudo et al. [13] made a comprehensive investigation, using thin sections, of possible relationships between microcrack orientations and the splitting plane directions. They found strong orientations of open and healed microcracks with all the three splitting planes. The same tendencies were found by Chen et al. [5] and more recently by Takemura et al. [18] , distinguishing between inter/intracrystalline and grain boundary cracks. However in all these works, no evidence of preferred orientation and density of microcracks along the rift plane in relation to the other planes was found. Johnson [20] . however, using a quantitative analysis of thin sections of granites (using stereonet plot counting techniques of poles), was able to show that most of the microcracks were parallel or subparallel to the rift as shown in Fig. 2 . A small number of cracks was aligned with the hardway and an intermediary number parallel to the grain. Another microstructural feature of interest is grain size. Nasseri et al. [14] established a relationship between fracture toughness and grain size for granites although not explicitly relating the obtained values to splitting plane directions.
Although most of the surveyed literature indicates the existence of relationships between splitting plane directions and directional micro-structural texture characteristics in granitic rocks, this topic remains somewhat controversial and in need of further research.
Granites tested
Two types of granitic rocks commonly found in Rio de Janeiro were investigated in this study, Utinga and Favela granites (Fig. 3) . These granites were defined as granitic intrusions into gneissic rocks from Proterozoic age. These post-tectonic granitoids are I-type (Hornblende)-biotite granitoids, fine to medium grained, equigranular to porphyritic, locally displaying preserved magmatic flow foliation. They occur as tabular bodies, dikes, stocks and small batholiths crosscutting the country rocks [6] . Utinga is a medium to coarse granite while Favela is fine to medium granite. Macroscopically, both rocks exhibit the mutually orthogonal splitting planes. Samples were collected from oriented cores taken from quarried stones with clear identification of their splitting planes. In the quarry, the most important splitting plane to identify is the rift plane, which helps to trace the divider and arrester planes.
Testing methodology
In order to determine fracture toughness under mode I along the splitting planes, the ISRM suggested methodology was used [7] . The methodology proposes the use of a ARTICLE IN PRESS cracked Chevron notched Brazilian disc (CCNBD) specimen, one which has a notch cut along the core diameter. As illustrated in Figs. 1 and 4 , the fracture toughness tests were conducted in a way that splitting plane orientation was coincident with the loading under mode-I type. Fig. 1 , in particular, illustrates how the sample notches were oriented in relation to the splitting plane directions. The stress intensity factor K IC was determined by using Eq. (1) as suggested by the ISRM methodology [7] :
where P max is the peak load attained in the test, B ¼ 30 mm is the thickness of the specimen, D ¼ 75 mm is the diameter of the specimen and Y Ã min ¼ 0:84 is the critical dimensionless stress intensity value determined by the specimen geometry used in this study. Recent papers [8, 9] reported on the accuracy of parameter Y Ã min . However, the authors of the present paper believe that the possible variations of this parameter as reported in the above mentioned papers should not change the main conclusions of the work reported herein.
Obtained results

Microscopic identification
The macroscopic identification of splitting planes is relatively easy, but under microscope, its recognition becomes a rather difficult task. In many cases it is virtually impossible to identify the splitting planes through thin sections oriented parallel to each of the three orthogonal planes. This is particularly true for coarse-grained granites. The microscopic analysis of the fine-grained Favela granite on thin sections, oriented parallel to the rift plane, allowed the identification of igneous faces of minerals organized in preferential orientation. Nevertheless, for the coarsegrained Utinga granite, probably due to the grain size, no preferential mineral orientation was observed under microscope.
Despite the fact that the present study did not focus on microcrack analysis, the observation of thin sections of the Favela granite suggests that microcracks parallel to rift plane are mainly of the intercrystalline and grain boundary types. Similar results were reported by other authors [5] . For the others planes of Favela granite and Utinga granite no evident preferential orientation was observed.
Tests
Laboratory tests were carried out on the Rock Mechanics facilities of Petrobras's Research Center-CENPES in Rio de Janeiro. A total of 24 tests were performed under a servocontrolled MTS 10 GN/m stiffness, 2700 kN capacity. Load control and load history were recorded up to the specimen's failure. The average rate of loading was 450 N/s such that failure occurred within 20 s of initial loading.
Samples were tested under mode I type so that diametral loading applied during tests coincided with textural anisotropies (splitting planes) observed in the rocks under study. The observed failure pattern was consistent and coincident with the expected elasticity/failure theories of the adopted methodology (Fig. 5) . The results obtained are shown in Figs. 6 and 7. Fig. 4 . CCNBD specimen geometry [7] . In these figures, a visible dispersion in K IC test results can be noticed. However, the scatter plot analysis for both types of granites shows that the energy required to create a new surface into these rocks is variable according to loading orientation. Average values of K IC for the three loading orientations are shown in Tables 1 and 2 . The tables also show coefficient of variation of the data obtained in the tests (CV ¼ standard deviation/mean) and the ratio between K IC along a particular plane and K IC determined at the hardway plane (K IChard ). The values for the Favela granite shows a considerable reduction of K IC between hardway and grain planes (around 22%), on the other hand, between grain and rift planes an inversion is observed and mean value of K IC for the rift plane is higher than mean values for the grain plane. These results show that not always the rift plane is the one of least resistance. A similar comparison for the Utinga granite shows a reduction of 10% between hardway and grain values of K IC and 26% reduction between hardway and rift planes. Indeed, for both granites the plane most resistant to fracture propagation was the hardway plane. The values of K IC and the dispersion of data obtained in all tests agreed with results obtained from similar (CCNBD) tests done in granite as reported in the literature [10, 11] , although in these references no mention was made in relation to the sample orientation in relation to splitting planes directions.
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In addition, as also observed by other authors [12, 14] , the coarse-grained granite presented lower values of toughness than the fine grained one.
A Simple analytical determination of rock cutting efficiency as related to toughness anisotropy
The impact of knowing toughness anisotropy on the optimization of rock cutting/fragmentation processes will be demonstrated through the analysis of a simple problem geometry. The object of the exercise is the determination of the optimal spacing between aligned boreholes destined to be pressurized for fracture generation, propagation and coalescence in order to cut/fragment a rock block or a rock face. For that purpose, an expression of the stress intensity factor (SIF) derived by Koiter in 1959 (as appears in Sih [16] ) is used. This expression corresponds to a line of collinear cracks of the same length l in an infinite medium, regularly spaced of S and subjected to a dipole of centrally located forces in the crack having intensity F (Fig. 8) . This solution can be considered appropriate to represent the borehole expansion from a non-penetrating agent such as an expansive paste. According to Ouchterlony [17] , the analysis can be considered valid for both static and dynamic conditions. The expansion pressure is only effective inside the boreholes, not exerting any pressure in the cracks. The corresponding value for K I as given by Koiter 0 s solution is:
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The larger the distance from the line of boreholes to a free face and the crack length being at least two times the radius of the borehole, the more valid are the hypotheses of the model expressed by Eq. (2) . Under the latter condition, Ouchterlony [17] showed that it is valid to approximate the effect of pressurization along the whole of the circumference of the borehole by a force dipole centrally located in the crack which is F ¼ 2pr, where p is the pressure and r is the borehole radius. In order to determine the optimal (maximum) spacing between boreholes, the above solution is made non-dimensional:
whereK I is the SIF in non-dimensional form and l ¼ l=S.
The relationshipK I versus l is plotted in Fig. 9 . There, one notices that after an initial phase of stable propagation of the crack in whichK I decreases, a minimum is found in l ¼ 0:25, i.e. for l ¼ S=4. Subsequently, crack propagation becomes unstable withK I tending to infinity for l ¼ 0:5 (l ¼ S=2), when the neighboring cracks join, resulting in the desired cut of the rock.
The cut will be possible only if K I corresponding to the minimum is greater than K IC . Therefore, the substitution of l ¼ S=4 in Eq. (2) gives
Assuming the equality condition in Eq. (4) makes it possible to establish the maximum value of S:
in which C ¼ 2F 2 =p may be considered as a constant, independent from the rock properties.
One is able to notice from Eq. (5) from which similar conclusions from Utinga granite can be drawn. It should be noted that an interaction of the borehole line with a free boundary (due to the proximity among them) would potentially increase these spacing differences [21] .
Conclusions
Results of a research program aiming at the characterization of mechanical properties along splitting planes in granites were presented. Samples of coarse-grained and fined-grained granites from Rio de Janeiro were tested to determine fracture toughness under mode I conditions along possible splitting plane directions. These tests were performed on cracked Chevron notched Brazilian disc (CCNBD) specimens according to ISRM recommendations [7] . Although a certain dispersion in the results was encountered, a trend could be established in which the highest value of K IC correspond to the hardway plane. In relation to the least resistant plane, in one granite (Favela) the grain plane was found to be the least resistant while in the other (Utinga) granite, the plane of least resistance was the rift. The obtained results coincide in general with longstanding, empirical observations of the work of hand and machine stone cutting and provide knowledge for a better understanding and design of such activities. A possible explanation for the encountered anisotropy in toughness of granitic rocks could be related to the fracture process zone (FPZ) size [12] . It is recognized that the size of FPZ in rocks is a function, amongst other factors, of the microcrack density in front of a crack tip [12] . On the other hand, the FPZ size influences the measured values of K IC [12] . Thus, it is possible that the directionally dependent microcrack densities in front of the crack tip may determine distinct values for the measured fracture toughness along the splitting planes.
The practical relevance of the obtained results was illustrated by the use of an existing analytical solution to a crack propagation problem simulating the process of rock cutting/fragmentation through the application of internal pressures on aligned boreholes. The results showed a considerable increase in borehole spacing in case the boreholes are made aligned with the rift plane, the one of least resistance as compared to when the boreholes are aligned with the divider, the plane of maximum resistance.
